Introduction
This paper summarizes recent experimental results on charmed baryons, as presented at the Third International Workshop on Charm Physics, 20-22 May 2009, Heidelberg, Germany [1] . Two main topics are covered: first, the spectroscopy of charmed baryon states; second, the production of charmed baryons in the decays of B mesons and from the e + e − continuum.
Spectroscopy
There has been a steady progression of results on charmed baryon spectroscopy from the e + e − B-factories BABAR [4] and Belle [5] in recent years, building on the foundations laid by CLEO, FOCUS, E687, ARGUS, and others [6] . We summarize new and interesting results for Σ c , Ξ c , and then Ω c states.
Σ c states
BABAR has recently published a study of the decay B − → Λ + cp π − in a sample of 383 × 10 6 Υ(4S) → BB decays [7, 3] measuring B(B − → Λ + cp π − ) = (3.38 ± 0.12 ± 0.12 ± 0.88) × 10 −4 [2] . This value is somewhat larger than the previous Belle result of (2.01±0.15±0.20± 0.52) × 10 −4 from 152 × 10 6 Υ(4S) → BB decays [8] . Both papers see clear signals for B − → Σ c (2455) 0p in the Dalitz plot, but a small or no signal for B − → Σ c (2520) 0p . Both papers also observed a Λ + cp threshold enhancement, discussed later. In addition, BABAR noted a broad, statistically significant (5.8σ) peak in Λ + c π − which is welldescribed by a relativistic D-wave Breit-Wigner with mass 2846 ± 8 MeV/c 2 and width 86 +33 −22 MeV, as illustrated in Fig. 1 . This region of the Dalitz plot is populated in the Belle data, but it is not clear whether a significant structure with the same parameters is present. The closest known resonance is the Σ c (2800) 0 [9] : the widths are consistent but the mass obtained by BABAR differs from the nominal value, 2802 ± 4 ± 7 MeV/c 2 , by around three standard deviations. This difference is intriguing but not conclusive. An updated study by Belle with their large Υ(4S) dataset could settle this question and establish whether BABAR saw the Σ c (2800) 0 with a downward fluctuation in mass or an entirely new state.
BABAR also used the large B − → Σ c (2455) 0p signal to determine the spin of the Σ c (2455) 0 ; the state is predicted to have J P = 1/2 + in the quark model but neither quantum number has been measured. BABAR performed an angular analysis of the decay under the assumption that J(Λ − data at BABAR, using a likelihood weighting technique to suppress background. From [7] .
1/2, testing the data for consistency with a spin of 1/2 or 3/2 for the Σ c (2455) 0 . Defining the helicity angle θ h as the angle between the momentum vector of the Λ + c and the momentum vector of the recoiling B-daughterp in the rest frame of the Σ c (2455) 0 , the expected angular distributions are:
The measured helicity angle distribution, shown in Fig. 2 , is found to be consistent with spin-1/2 but inconsistent with spin-3/2 by more than four standard deviations.
Ξ c states
There has been a flurry of results on new Ξ c states in the past three years, beginning with the first observations of the Ξ c (2980) and Ξ c (3077) isodoublets by Belle in the Λ + c K − π + and Λ c K 0 π + final states with 462 fb −1 of data [10] . These were subsequently confirmed BABAR [11] , who also reported two other possible structures, denoted Ξ c (3055) + and Ξ c (3123) + , in 384 fb −1 of data. Belle has also observed the Ξ c (2980) in the final states Ξ c (2645) 0 π + and Ξ c (2645) + π − in a separate study of 414 fb −1 of data [12] . The current understanding of these states is summarized below. The resonance parameters are given in Table 1 .
The Ξ c (2980) resonances are now well-established, having been seen with large significance in more than one final 
.5 17 ± 6 ± 11 6.4σ Belle [10] Ξ c (3077 2 . The fit is therefore sensitive to the details of the assumptions made about the signal lineshape, the fraction of decays proceeding via a Σ c (2455), and the behaviour of the background near threshold; this led to mildly inconsistent results for the mass and width from Belle and BABAR. The final state Ξ c (2645)π, reported by Belle and shown in Fig. 3 , is well above threshold and does not suffer from these complications; it also has a much lower background rate and does not require reconstruction of a K S for either isospin partner.
The narrow Ξ c (3077) resonances are also wellestablished: both isospin states have been seen clearly by Belle and BABAR, and there is good agreement about the masses and widths. BABAR has shown that most (if not all) of the decay proceeds via the quasi-two-body processes (a) − invariant mass distribution (lower). Data from the signal region are shown as black points; signal from a phase-space simulation are shown as small grey points in (a) and as a histogram in (b); and data from a mass sideband region are shown as a shaded histogram in (b), normalized to the expected background in the signal region. From [13] .
Ω c states
The weakly-decaying Ω 0 c ground state has been established for more than a decade [6] , but until recently its properties had only been measured with a handful of events. Both BABAR and Belle have now published studies with large statistics, confirming and expanding upon previous results. BABAR has reported the first observation of Ω baryons in e + e − data at √ s ≈ 10.6 GeV/c. The data show two peaks: the one at higher momentum is due to Ω 0 c production in continuum events, and the one at lower momentum is due to the decays of B mesons. The histogram shows the Bowler fragmentation function, fit to the data above 2 GeV/c. From [15] .
The quark model predicts two Ω 0 c ground states: a lowermass octet state with J P = 1/2 + and a higher-mass decuplet state with J P = 3/2 + . This higher-mass partner was observed by BABAR [17] and confirmed by Belle [16] (Fig. 6) ; this completes the experimental discoveries of all C = 1 ground states predicted by the quark model. The mass splitting between the two Ω c partner states ∆M is measured to be: 2455) ), to be comparable to the Ω c splitting but with some variation due to broken SU (3) symmetry entering via the spin-spin coupling term. It is interesting just how small the variation is; averaging over the isospin states and assuming the uncertainties to be systematics-dominated, the current data give: [6] 
Production of charmed baryons
The production of baryons in e + e − interactions and meson decay is still a subject of active study. Charmed baryons provide an excellent laboratory for probing baryon formation, especially at the e + e − B-factories where they are produced copiously. 
Two-body B decays to baryons
It has been known for many years that B mesons decay to baryons at a significant rate, with a branching fraction of approximately 7% [19] . However, individual decay modes-especially two-body and quasi-two-body modes-have been challenging to observe. The reason for this is two-fold. First, the branching fractions are often (but not always) small, e.g. B(B 0 → Λ + cp ) = (2.0 ± 0.4) × 10 −5 , and B(B 0 → pp) < 1.1 × 10 −7 at the 90% confidence limit [6] . Second, non-CKM-suppressed decays involve a charmed particle which must be reconstructed, implying another factor of O(few%) in the yield due to the charm branching fraction.
One notable exception to the first point is B − → Ξ The value of B(Ξ 0 c → Ξ − π + ) has not been measured experimentally but is expected to be of order 1-2% [21] , which would imply
. This is large compared to other two-body baryonic decay modes, although still smaller than corresponding mesonic decay modes (e.g.
Threshold enhancements in B decays to baryons
One explanation for this pattern is that producing a baryon-antibaryon pair with large energy release (i.e. where the baryon and antibaryon have large relative velocity) is kinematically suppressed, since such a reaction requires two hard gluons [22, 23] . This turns the usual intuition on its head: processes with a larger phase space have smaller rates. A corollary is that for three-body (or, in general, multi-body) baryonic B decays with a large energy release, the bulk of the Dalitz plane is kinematically suppressed-but not the region close to the baryonantibaryon threshold. This implies a kinematic enhancement near the threshold.
Threshold peaks have been seen in a number of baryonic B decays (some illustrated in Fig. 7) including
− → Λpγ, and B 0 → pΛπ − [7, 24, 25, 26] , as well as in other decays such as J/ψ → pΛK − and J/ψ → ppγ [27, 28] , so there does appear to be a general pattern. However, there are other mechanisms which can also cause a threshold peak-most obviously a resonance at or just below the threshold, but also other effects such as final-state interactions [29, 30, 31] -so the nature of the structure in a particular mode may be more complicated than this. There are also modes where no threshold peak is seen even though it might be expected, e.g. 
Baryon formation in the continuum
Enhanced rates near a baryon-antibaryon threshold have also been seen in e + e − events with an initial-state radiation (ISR) photon. BABAR has measured the effective form factors for pp, ΛΛ, Σ 0 Σ 0 , and ΛΣ 0 close to threshold [33, 34] ; the distributions are shown in Fig. 9 . In each case we see a strong enhancement at or close to threshold. In the charm sector, Belle has recently reported a large structure in e + e − → Λ + cΛ − c γ ISR events, shown in Fig. 10 [35] . They note that the nature of the enhancement is unclear, but that it can be described by an S-wave relativistic Breit-Wigner with mass 4634 MeV. It seems quite plausible that this is one of the many charmonium and charmonium-like states above the DD threshold [6] . In particular, it may be the Y (4660) seen previously in e + e − → (J/ψπ + π − )γ ISR events [36] with mass 4664 ± 11 ± 5 MeV/c 2 and width 48±15±3 MeV; the modest discrepancy in parameters be- [7] ) shows the projected amplitude squared for B − → Λ + cp π − decays near threshold after efficiency correction, background subtraction, and correction for the three-body phase space. The middle plot (from [24] ) shows the differential branching fraction for B + → ppπ + ; the shaded/yellow bands indicate the two principal charmonium regions and the solid curve is a theoretical prediction [23] . The lower plot (from [26] ) shows the differential branching fraction for B − → ΛΛK − ; the dashed lines indicate the two principal charmonium regions, and the solid histogram is a phase-space simulation. The analyses were performed on samples of 383, 449, and 657×10 6 Υ(4S) → BB decays, respectively. tween the two measurements may be due to differing form factors for the two final states [37] . The kinematic favourability of forming baryonantibaryon pairs with small relative velocity is certainly not a new discovery or unique to low-energy interactions; it was noted at LEP-I, for example, that correlated pp, ΛΛ, and Λp pairs peak at small values of the rapidity difference |∆y| [38, 39] and are predominantly produced in the same jet. This is not universally true, however. In 13.6 fb −1 of e + e − data at √ s ∼ 10.6 GeV, CLEO studied a sample of continuum events containing both a Λ + c and aΛ − c [40] . (A momentum cut on the Λ + c was used to exclude those baryons produced in B meson decays.) As illustrated in CLEO ruled out the first class as the sole source of the events observed, since the rate was approximately 3.5 times higher than would be expected given independent fragmentation. Qualitatively, they looked for additional protons in the event and did not find signal; this disfavours the second class (since those events have two additional light baryons) but does not exclude it.
BABAR has made a preliminary study of this process with 220 fb −1 of data [41] . They see an excess of Λ
events by a factor of 4, confirming the CLEO observation. In addition, they find that most of the events seen have zero additional identified protons, such that the rate seen is consistent with that expected from material interactions and from misidentification of other charged particles ( Fig. 12(a) ). Further, when plotting the missing mass distribution of the event (after subtracting the momenta of the Λ + c ,Λ − c , and any reconstructed tracks), they find that most events have well below 2 GeV/c 2 of missing mass, and are therefore inconsistent with containing a baryon and an antibaryon that are not reconstructed or are misidentified as pions (Fig. 12(b) ). While some contribution from classes (1) and (2) is not ruled out, this implies that class (3) is the dominant effect.
Conclusions
There has been a great deal of progress in charmed baryon spectroscopy recently, and the high statistics of Belle and BABAR are still uncovering new states. The use of B meson decays to study resonant states in a fully exclusive environment is a particularly powerful tool; hopefully ± , and additional identified p/p; and (b) the missing mass, with imaginary masses given negative real values. Most events have no identified K ± or p/p amd the corresponding zero-multiplicity points are off the vertical scale in (a). Preliminary BABAR result-see [41] .
it will be extended beyond the Σ c (2455) to measure the quantum numbers of other baryon states.
There are also a number of results finding evidence for threshold enhancements in multi-body baryonic decays. The overall pattern is not clear here, particularly given the absence of an enhancement in some modes. We look forward to further experimental data and to input from phenomenology to help understand these structures.
